In this study, an industrial-sized slab for a standard brass alloy has been numerically simulated in a vertical and conventional direct chill caster using an in-house 3-D CFD code. The studied caster consists of a hot-top mold which is fitted with a porous filter across the entire cross-section within the hot-top. The BrinkmannForchimier-Extended non-Darcy model for turbulent flow is used to macroscopically model the melt flow through the porous filter. The velocity, and temperature profiles and quantitative values for shell thickness at the exit of the mold, sump depth and mushy thickness are provided for four casting speeds varying from 40 to 100 mm/min. The shell thickness at the exit of the mold is also presented for various metal-mold contact lengths, convective heat transfer coefficients at the metal-mold contact region and Darcy numbers of the porous filter. Important correlations are provided for the aforementioned quantities with casting speed to facilitate the design of such a caster.
Introduction
The semi-continuous vertical direct chill casting process is widely used for producing large crosssectional ingots and billets of various non-ferrous alloys such as aluminum, magnesium, copper, zinc, etc., which are then used as the starting materials for rolling and extrusion processes for producing, thin slabs, plates, sheets, foils, rods, etc. In a standard vertical DC casting process, a fixed vertical mold is employed. Above the mold, a hot-top reservoir is placed to supply melt into the mold. The walls of the hot-top are insulated with insulating materials such that the melt losses minimum heat to the surroundings (Grandfield et al., 2013) . The superheated melt is supplied to the hot-top though some form of a distributor so that a uniform stream of molten metal enters into the mold due to hydrostatic head. The mold is cooled by circulating water through its internal grooved channels. The heat of the molten metal is extracted through the outer walls of the mold, such that an embryonic shell forms on its inner walls. Initially, a portion of the lower part of the open-ended mold is kept plugged by a starter metallic block which is fitted with a hydraulic ram at the bottom. The melt is allowed to fill up to a certain height of the mold cavity, then the starter block holding the shell-liquid assembly is slowly moved downward towards the casting pit with the help of the hydraulic ram. The speed of the starter block is then gradually increased until a constant casting speed is reached. Once the cast is out of the mold, the embryonic ingot holding liquid metal inside is continuously injected with water at a location directly below the mold for cooling and solidifying the inner part of the molten metal. The injected water is the same water which is used in the mold and it comes from the bottom openings of the mold. The heat extraction that takes place within the mold region is called primary cooling where only 10 to 15% of the total heat content of the ingot is removed. The heat extraction from the ingot that takes place below the mold is called secondary cooling where 85% to 90% of the total heat content is extracted (Grandfield et al., 2013) . The definition of the above two cooling regions is a kind of a misnomer, since, as stated above, most of the heat from the liquid metal is extracted in the secondary cooling region. At the beginning, the casting process is transient in nature and depending on the casting speed the process reaches a quasi-steady state. Usually it takes about five to ten minutes to reach this state. The casting speed and the size of the cast primarily dictate the total operation of this semi-continuous process which usually lasts for about 100 to 120 minutes. Normally the casting speed varies between 40 to 120 mm/min and the size of the cast varies between 200 to 400 mm in thickness and 1000-2000 mm in width. This casting process is stopped when the length of the cast is 8-10 m (Caron and Wells, 2009) .
The above description of semi-continuous VDC casting process is common to cast most of the primary non-ferrous alloys. Although, brass slabs and round billets of large cross-sections are cast by the above process, unfortunately there is very little information in the open literature concerning the VDC casting of brass. It appears that the VDC brass casting industries keep their casting process parameters, which yield good quality casts, as proprietary and secret. The only modeling literature which the authors could identify in this regard is concerned with the VDC casting of brass billets in a round-shaped mold (Kasala et al., 2009) . The cited literature provides results of fluid flow and heat transfer, including solidification behavior for a casting speed of 40 mm/min only. The authors used the commercial CFD code FLOW-3D to solve their modeling problem. In the mold, the brass was supplied via a submerged nozzle where the bottom part of the simulated domain was assumed to be blocked and as a result the delivered liquid brass upon striking the lower blocked surface got redirected towards the upper surface along the solidified shell. The authors were concerned with the initial transient part of the process and hence no steady state results were provided. The rudimentary nature of this conference paper is not worthy of further discussion because no verification results were provided. Also the pictorial representations of the results are of very poor quality.
In this study, a 3-D comprehensive model for the VDC casting of standard brass, which consists of 70% Cu and 30% Zn, has been simulated using an in-house developed code. The code was verified earlier with the experimental measurements available in the literature for the VDC casting of an aluminum alloy AA-3104. In addition to the fact that the slab casting problem is 3-D in nature, where coupled turbulent flow, heat transfer and mushy region solidification governed the process, the complexity of the present modeling problem has increased significantly due to the consideration of the porous filter in the hot-top region. The purpose of the porous filter is to block the incoming inclusions, so that they can't enter into the mold. In this way, the quality of the cast is believed to be increased due to the lesser number of inclusions in the cast products. Fig. 1 . Schematic of the low-head DC caster and the computational domain for an open-top melt feeding scheme.
Mathematical Model
For this study the physical problem and the considered computational domain (yellow color region) are schematically shown in Figure 1 . The present problem bears two-fold geometrical symmetry. Hence, in order to decrease the computational time while numerically simulating the present problem, only the top left-hand quarter of the physical domain was considered. Table-1 lists the typical dimensions of an industrial scale slab caster. The coordinates of the computational domain are selected at the center of the caster with the origin at the top surface. The vertical xdirectional coordinate is considered to be aligned with the positive direction of the gravity field. The melt is considered to have been delivered uniformly across the entire cross-section of the top free surface at the hot-top region. A 30-mm thick porous filter is assumed to have been placed across the entire cross-section of the caster at a vertical distance of 30-mm from the top free-surface. It is expected that the porous filter will arrest the incoming inclusions (although not considered in this study) in the melt and will allow the melt to flow through the filter which will reduce significantly the momentum of the incoming melt and will distribute the melt homogeneously to the mold underneath. The porous filter is assumed to be made of stainless steel, so that it can withstand the heat and the impact of the incoming melt. The thermo-physical properties of the material of the porous filter are given in Table 2 . + Thermo-physical properties are taken at the solidus temperature of 903 o C except for viscosity, which is taken at the liquidus temperature of 931 o C.
As stated earlier, the common brass was selected to predict the solidification behavior of this common copper alloy in a vertical DCC process for a slab. The slabs of brass are usually cold rolled to make plates and sheets. Brass is an alloy of copper and zinc. The proportion of copper and zinc can be varied to create a range of brasses with varying properties. It is a substitutional alloy and is 
Variable (unit) Value

Assumptions and simplifications
The following realistic assumptions were invoked in order to simplify the modeling effort and computational time of the present complex industrial slab DCC of brass: [1] . In the simulation a fixed-coordinate system (Eulerian approach) was employed.
[2]. Local thermodynamic equilibrium during solidification was assumed to prevail. Heat flow was taken to be very fast and every point reached equilibrium with its neighboring points instantaneously. [3] . A mushy-fluid solidification model was assumed and pore formation was ignored.
[4]. Flow in the mushy region was modeled similar to a flow through a porous medium.
[5]. Molten brass was assumed to behave as an incompressible Newtonian fluid. [6] . Any heat released due to solid-solid transformation was not taken into consideration. The formation of inter-metallic compounds during solidifications was ignored. [7] . Evolution of latent heat in the solidification domain was not influenced by the microscopic species transport, that is, the liquidus and solidus temperatures were fixed. [8] . Because of the lack of experimental results, the variation of the liquid fraction in the mushy zone was assumed to be a linear function of temperature. [9] . The thermo-physical properties of brass were invariant with respect to the temperature and there was no viscous dissipation effect. The thermal buoyancy effect was incorporated in the momentum equations by employing the Boussinesq approximation. [10] . Only the steady-state phase of the caster's operation was modeled without taking into account the transient start-up condition. [11] . The porous filter was considered as non-deformable, homogeneous and isotropic porous media, which was saturated with the incoming melt. [12] . The solid matrix of the porous media of the filter was considered to be in local thermal equilibrium with the surrounding melt.
Numerical formulation
Governing equations for laminar/turbulent melt velocity and enthalpy field
The 3-D general governing transport equations for laminar/turbulent melt velocity and enthalpy field at steady state using the tensor notations in the Cartesian coordinate system can be written is as follows:
where, ρ is the melt density and u i is the velocity component in the x i -direction and Φ can be the dependent variables such as 1 for continuity equation, velocity u i , temperature T, Γ Φ is the effective diffusion coefficient of Φ and S Φ is the source term of Φ. The gravity force is acting in the positive xdirection.
Although the present problem is a multi-phase problem, but for the sake of convenience in solving this problem, a single domain approach was followed in the present simulation since it does not require the tracking of the unknown interfaces (liquid-mushy and mushy-solid). In the present work, the well-known enthalpy-porosity based method was implemented (Voller and Prakash, 1997; Seyedein and Hasan, 1997; Begum, 2013; Begum and Hasan,2014) . The Darcy law for porous media was used to predict the flow of the molten metal in the mushy region (Vafai et al., 1985) .
Non-dimensionalization of the governing equations and boundary conditions
For the clear fluid region, the 3-D turbulent Navier-Stokes and energy equations were used and the low-Reynolds number version of the popular k- eddy viscosity concept proposed by Launder and Sharma (1974) was adopted to account for the turbulence levels in the liquid pool. Since from the dimensional equations it is not possible to ascertain the parameters which govern the process, hence the equations and boundary conditions were non-dimensioned in order to obtain the relevant parameters and for the generalization of the results. The following dimensionless variables were used to non-dimensionalize the governing partial differential equations and boundary conditions for the melt region:
where D is the hydraulic diameter of the open-top cross-section (which is equal to the total crosssection of the caster), uin is the inlet velocity at the open-top and Hf is the latent heat of solidification. All the conservation equations can be expressed in a general form of a nondimensional partial differential equation. The Cartesian-tensor form of this equation is:
where,  * , and 
Symmetry planes
At the X-Y plane:
At the X-Z plane:
, 0
Moving walls
U=Us= us/uin, V=W=0,
where  is the effective heat transfer coefficient between the solid surface and the surrounding, A point to note here is that in the present model the non-dimensioned transport equations and associated boundary conditions were solved, which therefore generated non-dimensional results. To make the results easily understandable to the readers, all predicted results in this paper are reported and discussed in their primitive (dimensional) forms.
Table 4
Summary of the non-dimensional governing equations for the melt region Equation
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Modeling of porous filter
As mentioned earlier, a 30-mm thick stainless steel filter was placed at a vertical distance of 30-mm from the top free surface across the entire cross-section inside the hot-top. The main purpose of the present study was to investigate the influence of the porous filter on the melt flow behavior, temperature distributions, and solidification characteristics in the mold and post mold regions of a DC caster.
To model the DC casting process with an internally placed filter, two different sets of transport equations (continuity, momentum and energy) for clear fluid and porous regions are needed. For clear fluid region the time-averaged turbulent form of the governing conservation equations are well known. For the mathematical description of the laminar flow in the porous media the extended form of the Brinkman-Forchheimer-Darcy model is used. In Cartesian-tensor notation the transport equations for the porous filter are as follows (Pedras and de Lemos, 2000 , 2001a , 2001b , 2003 :
where, K = permeability of the porous media;  is the porosity (void fraction) of the porous matrix; F C = Forchheimer coefficient. As in Vafai et al. (1985) , 
Solution procedure
To discretize the equations, a control volume (CV) based finite difference approach was adopted. Four staggered control volumes, three non-overlapping control volumes for the three components of velocity and one control volume for the scalar variables, were employed in the computational domain. A hybrid difference scheme (Patankar, 1980; Versteeg and Malalasekera, 1995) was used to discretize the convection-diffusion terms. In the present study there are seven variables, namely, U, V, W, P * , k * , , *  h * which were solved sequentially to obtain a converged solution. To resolve the velocity-pressure coupling in the three momentum equations, the SIMPLE algorithm (Patankar, 1980; Versteeg and Malalasekera, 1995) was used. The discretized equations for each variable was declared to have converged when the sum of the residuals for that particular variable (  R ) was less than 0.001. The convergence criterion described above can be defined mathematically as follows:
The CPU time per iteration was about 1.0 min. The computations were performed on a personal computer having a speed of 2.66 GHz and fitted with a RAM of 4 Gigabytes. In a typical case, to obtain a fully converged solution, it took about 3.5 days and required more than 5,000 iterations.
Before carrying out extensive parametric studies, the grid independency tests were first performed using three sets of successively refined meshes (coarse, moderate, and fine). The relative difference in the local surface heat flux between the coarse and fine grids was within 1.0 %, indicating that the coarse grid was sufficient for predicting the results of engineering accuracy. It is to be stressed here that the local surface heat flux is the most sensitive quantity with regard to grid in any heat transfer problem. A comparison (Begum, 2013) of the surface temperature profiles showed less than 0.2% variation between the fine and course grid systems. Therefore, the coarse grid (60 42 24) was used for all production runs reported in this work. The details of the predicted results along with the comparisons can be found in (Begum, 2013) .
A code validation test was also carried out by simulating the solidification of a rolling ingot for AA-3104 alloy, using the identical experimental casting conditions and set-up for the vertical DCC process performed by Jones et al. (1999) . The present in-house developed code showed an acceptable agreement with the experimental data. These results were presented in (Begum, 2013) and are not given here to avoid duplication.
Results and Discussion
In the present study, the four important parameters, namely, casting speed, HTC at the metal-mold contact region, metal-mold contact length, and Darcy number of the porous filter were varied, all for a fixed melt inlet superheat of 62 o C and for a porosity of the filter of 0.4. For the aforementioned parameters, a large number of results were generated. From these results only selected results are presented here to clarify the solidification characteristics of the casting process. The change of the above parameters has resulted in fourteen distinct parametric cases which are listed in Table 5 . The inlet Reynolds and Peclet numbers for each case is also shown in Table 5 . It is to be noted that it is customary in this field to represent the shell thickness in mm and the casting speed in mm/min instead of the SI units. Table 5 The 3-D surface plots of the predicted velocity and temperature fields for the first four cases (1-4) of Table 5 The velocity vector plots show that all of the melt flows downward along the casting direction. The reason for this flow pattern is the fact that the melt in this feeding scheme is supplied at a constant inlet velocity at the top of the hot-top region along the entire top cross-section of the caster. As the melt reaches from the clear fluid region into the porous filter below, it is being directed downward by the open pores of the filter. The momentum of the downward flow inside the filter is significantly reduced due to the hydraulic resistance of the porous media. At the exit of the filter, the momentum forces direct the flow downward. At the narrow and wide sides, the melt is bent and flows downward and towards the center in an inclined way. This is due to the fact that, as the melt contacts the solid shell that forms along the narrow and wide faces it is redirected along the solidification front. 
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Velocity and temperature fields for cases (1-4) of
Fig. 2. 3-D surface plots of temperature and velocity fields for four cases (1-4).
In general, an increase in the casting speed results in an increased rate of the mass of the melt entering the caster, which is accompanied by a relatively large amount of heat content. A comparison of Figs. 2 (b,d,f,h ), clearly show that in the liquid pool the magnitudes of the velocity increase with the increase of the casting speed.
The surface temperature distributions in flooded format are presented in Fig. 2 (a,c,e,g ) for the range of casting speed of 40-100 mm/min representing cases (1-4) of Table 5 . These numerically predicted temperature data clearly show the progression of the solidification process for the above mentioned cases. The solidification range of brass is 28 o C which is a low freezing range alloy. The present results indicate that the mushy region, which is bounded by the liquidus (931 o C) and solidus (903 o C) isotherms, is expanded as the casting speed is increased due to the strong thermal convective effects. Furthermore, a classically parabolic-shaped solidification front is seen to have been developed particularly if one looks from the central axis at each casting speed. Since the melt near the wall loses superheat and as a result the effect of thermal convection reduces compared to the thermal conduction effect as the melt moves from the wall region to the central region. The parabolic shape of the solidification profile is the manifestation of the above fact. As the casting speed increases, the solidification front as well as the other isotherms is becoming steeper and are moving downward. The similar trend of the solidification front has already been found by several other authors for aluminum alloys (Eskin, 2008; Grandfield et al., 2013) . The temperature contours in the left-hand panels, at z = 0, z = 62.5 mm and z = 312.5 mm, for four cases (1-4) are presented in Figs. 3(a) through 6(a), 3(b) through 6(b), and 3(c) through 6(c), respectively. As one moves toward the rolling face from the slab center, the heat extraction rate increases, which is reflected in the shapes and locations of the isotherms at these three longitudinal cross-sections and the isotherms are seen to have lifted upward. These figures further show that with the increase of the casting speed both liquidus and solidus isotherms are shifted downward and the vertical distance between them are increasing.
uniform thick solid shell on the narrow and wide faces is formed and as one moves downward the extent of the solid shell increases progressively. Since more heat is being extracted from the ingot through the mold and by the chilled water jets, both of the latter factors are contributing in increasing the thickness of the solid-shell along the cast direction. It appears from the progression of the solid-shell thickness that an almost uniform rate of heat extraction is taking place from both the sides. At the corner region heat is being extracted from both the rolling and narrow faces, this has resulted in a higher rate of heat extraction at that location compared to the other places. As a result, an almost round-shaped solid layer and mushy zone have formed there. The location of the solidus isotherm with the decrease in the casting speeds has shifted more toward the ingot center over each cross-section compared to the higher casting speed, which can be clearly seen in the above figures. The primary reason in the reduction of heat transfer with increasing casting speed is that for a higher casting speed, the amount of incoming melt as well as the energy content of the melt are both higher.
Sump depth and mushy layer thickness
During the DCC process, the objective of an operator is to keep the sump depth low and the mushy layer thinner. A higher sump depth and thicker mushy layer have been found to yield relatively poor quality casts. Since the latter two quantities, in addition to the alloy being cast, also depend on the number of processing variables as well on their interaction effects, hence, the mentioned variables cannot be rationally controlled. During the experimental campaign, the sump depth and mushy thickness are also quite difficult to measure accurately. In the modeling of the process, these two quantities are not the direct outcome of the predicted results. In the present modeling study, the latter two quantities were obtained by post processing the predicted temperature fields of the CFD model. Table 6 provides the quantitative values of the sump depth and mushy thickness at the center of the ingot for four casting speeds representing cases (1-4) of Table 5 . The present authors are surprised by the fact that in none of the vast literature on DCC process has reported the quantitative values of the sump depth and mushy thickness against the casting speed for any nonferrous alloy for a slab caster. Table 6 clearly shows that with the increase of the casting speed, the sump depth and mushy thickness are increasing. In order to compare the relative differences in sump depth and mushy thickness, the lowest simulated casting speed of 40 min / mm is considered as the reference case. The sump depth of this case is found to be approximately 504.95 mm from the top of the mold. The relative difference in sump depth for higher casting speeds of 60, 80, and 100 Table 5 , through regression analysis, the sump depth (SD in mm) and the mushy thickness (MT in mm) are found to be linearly related to the casting speed (us in mm/min) by the following equations, respectively: SD = -356.66 + 21.05us (R 2 = 0.997) and MT = -296.11 + 8.88us (R 2 = 0.995). In addition to the sump depth and mushy thickness, the melt pool depth (presented in red color in each figure), which is defined as the vertical distance from the top of the mold to the liquidus isotherm at the ingot center, is also presented. This quantity reflects the depth of the melt at the center of the ingot which is an important quantity for the industrial operations for such a caster. Fig. 8 . Shell thickness at the middle of the slab faces at mold exit vs. casting speed for cases (1-4).
As the casting speed influences the growth rate of the solid shell, the predicted shell thickness from the narrow-side at the wide symmetry plane and from the wide-side at the narrow symmetry plane at the exit of the mold are plotted in the form of a bar chart in Fig. 8 in order to get a quantitative picture of the differences between the results for four cases (1-4) . The numerical value of the predicted shell thickness (in mm) is provided inside each bar of the chart of Fig. 8 . For both locations, with the increase of the casting speed the shell thickness decreases, which is consistent with the physics of the problem. The rate of decrease of the shell thickness for the narrow side at the wide symmetry plane is smaller for the higher casting speeds (  80 min / mm ) compared to the lower casting speeds (< 80 min / mm ). The shell thickness results further show that the rate of growth of the shell at the center of the narrow side is greater compared to the center of the rolling face for all four simulated casting speeds except for the casting speed of 80 min / mm . The reason for the above discrepancy for the casting speed of 80 could not be identified despite repeated simulation run of the program. Possibly at the above casting speed the heat transport phenomena changes and this change is reflected in the anomalous behavior in shell thickness. For other casting cases, the proximity of the middle of the narrow side from the slab corner is closer compared to the middle of the wide slab side. It is to be realized at the corner region heat is being extracted both from the narrow and wide faces. To appraise the DC casting operator prior to the casting campaign, the shell thickness at the midpoint of the narrow wall at the exit of the mold is provided. The following linear equation represents the relationship between the shell thickness and the casting sped at the mold exit (us in mm/min): ST = 105.57 -0.82 us (R 2 = 0.901)
Predicted strand surface temperature
Figures 9(a) and 9(b) illustrate the temperature distributions along the caster for two cases (1 and 4) which correspond to the casting speed of 40 and 100 min / mm , respectively. Since the convective boundary conditions were imposed on the strand surfaces, as a result the surface temperatures were not known there in advance. To get the strand surface temperature at any grid point, a heat balance on the control volume corresponding to that grid point was done after getting the converged solution of the problem. To demonstrate the temperatures on the cast surfaces, a total of four strategic locations are selected in this study, namely: (a) center; (b) mid-distance of the wide face; (c) mid-distance of the narrow face; and (d) corner point of the caster. These are the locations which are believed to be the most sensitive zones for the initiation of different types of crack, such as edge crack, surface crack, mid-crack, etc. The four locations are portrayed at the top of Figs. 9(a) and 9(b) for easy reference. Except for the temperature at the ingot central region, the temperatures are seen to follow the same pattern at three other locations. For cases 1 and 4 of Table 5 , the metal-mold contact region was prescribed as 30 mm and the air-gap region as 50 mm, both together constitute a total mold length of 80 mm. One should recall here that a hot-top of 130 mm in length is above the mold where the outside walls were assumed to be thermally insulated. In the mold-metal contact region, the temperature of the solid shell decreases rapidly because of the implementation of a convective cooling condition with an HTC of 2000 W/(m 2 -K). After the metalmold contact region, initially at the air-gap region the temperature of the solid shell rebounded. This is due to the implementation of a low HTC of 150 W/(m 2 -K) there. The latter value of HTC is imposed in the air-gap region to reflect the reality of an actual condition within the mold region of a caster. Subsequent to the increase in temperature in the rebound region, the temperature of the surface of the solid shell drops quite sharply due to the imposition of an intense cooling condition in the impingement water jet region near the mold exit. It is to be realized here that the impingement cooling renders significant cooling effect in the upstream into the air-gap region within the mold. After the impingement cooling, the surface of the solid shell is seen to cool rather slowly in the secondary cooling region. Although the HTC at the secondary cooling region is high (10,000 W/(m 2 -K)), but due to the internal thermal resistance of the growing shell, the cooling rate of the solid shell decreases drastically in this region which is reflected by the lower temperature gradient there. In the central region, initially the temperature drop is rather low because of the incoming hot melt. In the secondary cooling region, there is a significant temperature drop their due to the fact that a large amount of superheat is lost in the mold region for that location. A comparison of the two figures clearly shows that for a higher casting speed the surface remains overheated for the same axial location compared to the lower casting speed. This trend is visible in all of the four ingot locations. The reason behind this is the fact that the predictions were carried out for the lower and higher casting speeds by invoking the same convective heat transfer boundary conditions without considering the enhanced cooling requirements for a higher casting speed. 
Effect of heat transfer coefficient at the metal-mold contact region
Among the researchers working in this field, there are serious disagreements regarding the values of the effective heat transfer coefficients in the metal-mold contact region. From the literature one gets conflicting values of the HTCs in the metal-mold contact region. Even the well refereed literature on this issue has reported a wide range of values for the HTCs. In the metal-mold contact region, a value of HTC ranging from 1000 to 5000 W/(m 2 -K) has been reported in the well-cited literature (Caron and Wells, 2009; Grandfield et al., 2013 Figure 10 reports the values of the shell thickness against the HTCs in the form of a bar chart for the above mentioned two casting speeds.
The shell thickness is estimated from the temperature profiles at the mold exit at an axial distance of 210 mm from the top surface on the wide symmetry plane from the narrow face. It can be seen that for an increase of HTC the magnitude of the shell thickness increases. Similar trends are found for both casting speeds. For a fixed HTC, the shell thickness decreases with casting speed as noticed earlier. For a lower casting speed of 60 mm/min, an increase of the HTC from 1000 to 2000 W/(m 2 -K) has caused an enhancement of 16.15 % in solid-shell thickness and for the increase of HTC from 2000 to 4000 W/(m 2 -K) the increment is much lower and is approximately 4.47 %. For a higher casting speed of 100 mm/min, the corresponding increase in the shell thickness is about 1.50 %, and 5.04 %, respectively. Hence, it is clear that the effect of higher HTCs (from 2000 to 4000 W/(m 2 -K)) on shell thickness is more pronounced at a higher casting speed. Fig. 10 . Shell thickness at the middle of the narrow face at mold exit vs. effective HTC (W∕m 2 -K) for six cases (2, 4, and 5-8).
The effect of metal-mold contact length
Figure 11 portrays in the form of a bar chart the shell thickness (in mm) at the middle of the narrow Mainul Hasan and Latifa Begum / American Journal of Heat and Mass Transfer (2016) Vol. 3 No. 3 pp. 73-101 96 face at the mold exit against prescribed metal-mold contact length of 20, 30 and 50 mm. for the casting speeds of 60 and 100 mm/min and all for a fixed HTC of 2000 W/(m 2 -K). It should be mentioned here that almost all researchers working in this field agree that the molten metal due to the thermal shrinkage during solidification does not remain in contact with the mold for the total length of the mold and an air-gap develops in the lower part of the mold which separates the embryonic solid shell from the mold wall. Unfortunately, regarding the extent of the metal-mold contact region (lower air-gap region in effect) in the upper part of the mold the consensus is not there among these researchers (Caron and Wells, 2009 ). The above figure shows that with the increase of metal-mold contact length the solid shell thickness increases for both casting speeds. This is expected since for a large metal-mold contact length more heat is being extracted from the hot incoming melt through the mold walls. Since the mold is 80 mm in length, with the increase of the metal-mold contact length there is a corresponding decrease in the length of the air-gap region. The low rate of heat extraction in the smaller air-gap region, thus indirectly contributes to the enhancement of the shell thickness.
This figure further shows that for the change of contact length from 20 to 30 mm for the higher casting speed (100 mm/min), the rate of increase of the shell thickness is much higher compared to the lower casting speed (60 mm/min); the rate of increase is 13.70% versus 1.03%, respectively. .For the increase in the contact length from 30 to 50 mm, for the lower casting speed of 60 mm/min, the rate of increase is lower (3.11%) and for the higher casting speed of 100 mm/min the rate of increase is also lower (3.05%) and is approximately the same as the lower casting speed. Fig. 11 . Shell thickness at the middle of the narrow face at mold exit vs. metal-mold contact length (mm) for six cases (2, 4, and 9-12).
The effect of Darcy number of the porous filter
In order to study the effect of permeability (Darcy number) of the porous filter, simulations are carried out with the twofold decrease of the Darcy number from the standard base case of 10 -4 (cases 13 and 14 of Table 5 ). Figure 12 shows the effect of shell thickness in the middle of the narrow face at the exit of the mold for a constant metal-mold contact length of 30 mm, HTC of 2000 W/(m 2 -K) and for two casting speeds of 60 and 100 mm/min. The figure clearly shows that for the two orders of magnitude change of the Darcy number, there is no significant effect on the shell thickness. This outcome is expected since the porous filter is placed in the hot-top region above the mold to arrest the incoming inclusions in the melt before they enter the mold and, as a result, the thermal field is not much affected within the mold by the presence of the filter. It should be noted here that the actual mechanism how the inclusions are arrested by the porous filter has not been included in the analysis since such a study is very challenging and will require a completely separate study. 
Conclusions
In the present investigation, the effects of the casting speed, metal-mold contact length, effective heat transfer coefficient at the metal-mold contact region and Darcy number (permeability) of the porous filter have been studied. From the 3-D turbulent CFD modeling study of a conventional hottop, vertical DC slab casting process for brass, the following conclusions are drawn:
[1] For an inlet superheat of 62 0 C, for the range of casting speeds varying from 40 to 100 mm/min, for the metal-mold contact region variation of 20 to 50 mm with the effective heat transfer coefficient (HTC) at the metal-mold contact region, ranging between 1000 W/(m 2 -K) to 4000 W/(m 2 -K), the sump depth and the mushy thickness at the center of the ingot do remain confined within the simulated axial length of 2500-mm for all casting speeds. [2] At the center of the caster, a lower depth of the melt pool and a shallower sump are found in the lower casting speeds compared to the higher casting speeds. In the standard cases of 1 to 4 of Table 5 , through regression analysis, the sump depth (SD in mm) and the melt pool depth (MP in mm) are found to be linearly related to the casting speed (us in mm/min) by the following equations, respectively: SD = -356.66 + 21.05us (R 2 = 0.997) and MP = -60.55 + 12.16 us (R 2 = 0.998). [3] The mushy region is bounded by the liquidus and solidus temperatures of the alloy. The vertical distance of the mushy region at the ingot center increases with the increase in the casting speed. In the simulated cases of 1 to 4 of Table 5 , the mushy thickness (MT in mm) can be represented by the following linear equation with regard to the casting speed (us in mm/min): MT = -296.11 + 8.88us (R 2 = 0.995) [4] To prevent break-out the solid shell thickness at the exit of the mold is a very important quantity for the operators of the casters. The results show that it decreases with the increase in the casting speed in a linear fashion and the surface temperatures of the strand increase with the casting speed. At the midpoint of the narrow wall at the exit of the mold the solid shell thickness can be represented by the following linear equation with regard to the casting speed (us in mm/min): ST = 105.57 -0.82 us (R 2 = 0.901) [5] For a constant cooling water temperature in the mold, with a higher imposed HTC at the metal-mold contact region the shell thickness at the mold exit is greater. The enhancement of the shell thickness is more pronounced for the lower HTCs at higher casting speeds compared to the lower casting speeds. [6] For a fixed HTC at the metal-mold contact region and for a constant casting speed, with the increase of the metal-mold contact region the shell thickness increases at the mold exit. The enhancement of the shell thickness is more pronounced for the higher casting speed compared to the lower casting speed. [7] Provided all other parameters are same, with the twofold increase in the Darcy number, (permeability of the porous filter) there is an insignificant change in the solid shell thickness at the exit of the mold.
